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Abstract
The Cygnus X region is known as the richest star-forming region within a few
kpc and is home to many particle accelerators such as supernova remnants, pul-
sar wind nebulae or massive star clusters. The abundance of accelerators and
the ambient conditions make Cygnus X a natural laboratory for studying the
life cycle of cosmic-rays (CRs). This naturally makes the Cygnus X complex
a highly interesting source in neutrino astronomy, in particular concerning a
possible detection with the IceCube Neutrino Observatory, which has a good
view of the northern hemisphere.
In this paper, we model the multiwavelength spectrum of the Cygnus Cocoon,
for the first time using a broad data set from radio, MeV (COMPTEL), GeV
(Fermi), TeV (Argo) and 10s of TeV (Milagro) energies. The modeling is per-
formed assuming a leptohadronic model. We solve the steady-state transport
equation for leptons and hadrons injected homogeneously in the region and test
the role of diffusive transport and energy loss by radiation and interaction.
The result shows that diffusion loss plays a significant role in Cygnus X and
always exceeds the advection loss as well as almost all other loss processes. The
best-fit parameters we find are a magnetic field of B = 8.9 × 10−6 G, a tar-
get density of Nt = 19.4 cm
−3, a cosmic ray spectral index of α = 2.37 and
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neutral gas distribution over a depth of 116 pc. We find that the fit describes
the data up to TeV energies well, while the Milagro data are underestimated.
This transport model with a broad multiwavelength fit provides a neutrino flux
which approaches the sensitivity of IceCube at very high energies (> 50 TeV).
In the future, the flux sensitivity of IceCube will be improved. With this rather
pessimistic model, leaving out the influence of possible strong, high-energy point
sources, we already expect the flux in the Cygnus X region to suffice for IceCube
to measure a significant neutrino flux in the next decade.
Keywords: Cygnus X, Cygnus Cocoon, Cosmic Rays, Transport equation,
Hadronic, Leptonic, Neutrinos, Multi Wavelength, Gamma Rays, Radio
Emission
1. Introduction
One of the main unsolved problems in astroparticle physics is based upon the
origin of high energetic cosmic rays (CRs). Although more than 100 years have
passed since Victor Hess discovered cosmic rays ([1]), the search for a reliable
answer still continues. An insight into the acceleration mechanism which causes
the energy gain plays an important role in that regard. Active Galactic Nuclei
(AGN), Supernova Remnants (SNRs), Gamma-Ray Bursts (GRBs) and pulsars
wind nebulae (PWN) are showing great promise for being accelerators of CRs
(i.e. [2]).
CRs are deflected by magnetic fields and interact with the ambient medium
([3]). The deflection makes it harder to locate the source of CR, whereas for
high energy photons and neutrinos this problem does not occur. In fact, high
energy (TeV) photons, but especially astrophysical neutrinos, can point to the
direction of the source ([4]). These neutrinos also allow us to draw conclusions
about the hadronic particles themselves since their generation process is based
on the interaction between hadronic particles and the ambient medium by pro-
ducing pions.
Galactic CR accelerators are called PeVatrons as they accelerate up to the knee,
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i.e. PeV energies. The associated particles should be observable by multiple ob-
servatories such as Fermi, Argo or IceCube. Even if these detectors provide
accurate data, it is necessary to identify the relevant radiation processes to give
a realistic interpretation of the experimental data. In particular, the origin of
γ-rays can be explained by several processes.
The brightest diffuse γ-ray emission in the northern hemisphere is detected
from the Cygnus X complex. It reeveals that this astrophysical region is rich
on cosmic-ray accelerators (see e.g. [5]). Cygnus X can expose the secret be-
hind the acceleration mechanism of the CRs because of the short distance be-
tween the Earth and Cygnus X and the content of well-studied sources (such as
J2032.2+4126, J2021.0 + 3651, J2021.5+4026 or J2030.0+36542). In order to
comprise them and potential accelerators such as SNR and PWN, our region of
interest (ROI) includes these known sources within a radius of 3.14 deg centered
in Cygnus X and a solid angle of 32 deg2, respectively, as this part of Cygnus
includes the dominant part of the high-energy emission.
In previous works [6] and [7], the neutrino flux from Cygnus X was calculated by
simple approximations and assuming parameters which are averaged over the
Galaxy, e.g. the magnetic field strength (B=1 µG ). Today, it is known that
these parameters could deviate significantly from the used values, indicated by
different astrophysical observations. In our model, we use parameters like the
magnetic field and the column depth as free parameters and determine them
via a best-fit scenario.
Recently, [8] investigated Cygnus X more extensively by assuming that the CR
spectrum observed at Earth is also a representative for the Cygnus X and by
adding emission from the Cocoon as well as from point sources separately to
the diffuse emission modeled in their work. Moreover, continuous momentum
loss and losses due to advection and diffusion were considered. All calculations
were carried out for 5 deg × 5 deg region which is subdivided in 0.25 deg ×
0.25 deg, and considered observation data from 150 MeV (Fermi) up to 16 TeV
(Milagro).
In this paper, we add information from radio wavelength and also take into
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account the COMPTEL-detected 10-MeV signal. This broad energy range
gives strong constraints on the possible leptonic (synchrotron, non-thermal
Bremsstrahlung, inverse Compton) and hadronic (pion production) processes
in Cygnus X. In doing so, the transport and the loss mechanisms in Cygnus X
can be investigated, such that the resulting neutrino spectrum is derived.
The primary requirement to generate high energetic CRs is an appropriate ac-
celerator, which in Cygnus X is thought to be PWN or SNRs.
In the same regard, different losses will be considered:
1. Continuous momentum losses by: Synchrotron, Inverse Compton, non-
thermal Bremsstrahlung, ionization and hadronic pion production.
2. Catastrophic losses by advection and diffusion.
Per definition, continuous momentum losses conserve the total number of the
particles in Cygnus X, whereas catastrophic losses do not. This means that
particles escape the region of interest due to diffusion or advection. In the same
vein, both the flattening of the hadronic pion production for energies greater
than 200 GeV as well as the different cooling behaviors of electrons and protons
will be considered ([9]).
Since the exact particle accelerator is not known, the acceleration mechanism of
CRs from that region will remain unspecified. Therefore, a CR emission from
a non-thermal electron-proton plasma with a power-law in momentum will be
used. This work will rely on the mathematically convenient description by
assuming a spatially homogeneous and spherically symmetric CR density distri-
bution in Cygnus X since the region is very complex and small inhomogeneities
vanish at a larger scale.
Nevertheless, the rigidity difference between electrons and protons will be con-
sidered. Also, the messenger particle from secondaries of CRs will be considered
to find confirmation indirectly for the proposed model by examining experimen-
tal data.
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2. Cygnus X
Cygnus X is a part of the largest star-forming region of the constellation Cygnus
in the northern galactic plane, which is located in the galactic local spiral arm,
more precisely at galactic longitudes between 70◦ and 90◦ and 4◦ and 8◦ below
and above the plane (see figure 1) ([10]). It is one of the most structurally
complex regions in the galactic plane. Moreover, it is formed by a massive
molecular cloud complexes. This property is important for CR formation and
characteristics. Nevertheless, as indicated in [11] the CR population is similar
to the local interstellar space.
Figure 1: Fermi’s color map from -60◦ - +60◦ in the vertical plane and from 150◦ - 300◦ in
the horizontal plane, which is distributed by Skyview HEASARC - HEALPixed by CDS; the
map was edited with Aladin v9.0. The red color in the map denotes photons in the energy
range 0.3-1 GeV, green 1-3 GeV and blue 3-300 GeV ([12]).
There are many reasons why Cygnus X is an excellent region to investigate the
origin of CRs:
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• The emission is observable from radio to high-energy gamma-ray frequen-
cies ([13]), whereby in the energy range from GeV up to TeV Cygnus X
has the brightest emission in the northern hemisphere ([14]). Moreover,
many other gamma-ray sources exist in that region.
• It contains sources which accelerate particles at least up to 100 TeV ([15]).
• Many potential accelerators such as supernova remnants1, pulsar wind
nebulae2 and Wolf-Rayet (WR) stars or OB associations (Cyg OB2, Cyg
OB1) can be found. Many of these constituents are pictured in figure
2. Here, it is important to mention that approximately 20% of CRs are
produced in WR stars nearly 105 years before they become accelerated
([10]). These stars are a phase of OB stars, which appear in Cygnus X as
clusters (OB associations).
• Most of the objects are at a distance of 1.4 kpc.
• It consists of HII regions ([17]).
All of these characteristics make Cygnus X a suitable natural laboratory for the
astronomer to look beyond the usually constrained view.
1For example γ Cygni J2021.0+4031e, which Milagro also detected at very high energies
([16]).
2List of pulsars in the region of interest: J2032.2+4126, J2021.0 + 3651, J2021.5+4026,
J2030.0+36542.
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Figure 2: Fermi’s color map of Cygnus X (red cycle), which is distributed by Skyview
HEASARC - HEALPixed by CDS; the map was edited with Aladin v9.0. The scales are
given by galactic coordinates. Cygnus X is represented here by the big red cycle, pulsars
abbreviated with ”PSR” by green cycles, OB2 association by a blue cycle and Cygnus Cocoon
by a yellow one. All sources identified by Fermi 3FGL are represented by blue quads.
The supernova remnant (SNR), γ Cygni, was firstly investigated using Fermi
data, which provide information about the interstellar background by subtract-
ing the radiation from γ Cygni.
Moreover, Cygnus X has a Cocoon where freshly accelerated CR can be found,
and the emission exceeds 100 GeV. The SNR γ Cygni, which is located in the
Cocoon, could cause the acceleration of protons even up to 80-300 TeV and elec-
trons up to 6-30 TeV. The accelerated particles could fill the whole Cocoon if it is
assumed that the primary transport mechanism is diffusion. On the other hand,
advection could dominate the transport mechanism, if an anisotropic emission
from γ Cygni was observed ([10]). However, there is no proof for this scenario
yet.
The Cocoon can give hints about the transport mechanism and escape of CRs
from their source. In the model built in this work, the influence of diffusion and
advection in Cygnus X can be investigated. Thus, at the very least a suggestion
of the role of γ Cygni in the Cocoon can be given as our ROI includes these
objects.
In order to properly model the CR interactions, the column depth needs to be
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known. Following [11], we will use 7× 1021 atoms/cm2 for ROI.
2.1. Local distribution in radio and gamma range
In our model, we assumed a spatially homogeneous injection of accelerated CRs.
It is important to investigate the local distribution to see the reliability of this
assumption.
Figure 3: Fermi map band 1: 30-300 MeV
Figure 4: Fermi map band 2: 0.3-1 GeV
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Figure 5: Fermi map band 3: 1-3 GeV
Figure 6: Fermi map band 4: 3-10 GeV
Figure 7: Fermi map band 5: 3-300 GeV
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Figure 8: Fermi map band 5 with contours by reducing the background emission
Figure 9: Decomposed non-thermal emission from the total intensity in Cygnus X at 4800
MHz with an angular resolution of 9’.5 ([18]).
Figures 3 -8 which are extracted from [12] for Fermi bands represent a photon
count map and serve here as visualization of the structure of Cygnus X depen-
dent on the energy. The density of counts is anti-proportional to the brightness.
However, for our calculations we will use directly data from Fermi.
For Fermi band 1, the structure is to some extent compatible with our assump-
tions of a spatially homogeneous and spherical symmetric distribution of CRs
in Cygnus X. This agreement deteriorates with higher energies. Therefore, a
stronger agreement for lower γ-ray energies can be expected than for higher
energies.
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Cygnus X-1
Cygnus X-1 is a binary X-ray system similar to Cygnus X-3. It is also a micro-
quasar, which could produce PeV γ-rays in Cygnus X ([19]). A microquasar is
a binary star system with a stellar black hole or a neutron star. Cygnus X-1
contains a black hole with nearly 15 M. The main star is a blue giant (HD
226868), and the constellation seems to have been in existence for almost 5×106
years ([20]).
This constellation has a soft and hard state and most of the time remains in the
latter. This non-thermal component is thought to be caused in an optically thin
and hot corona by thermal Comptonization of disk photons ([21]). During the
latter, the energy of the constellation is in the power-law component. Therefore,
especially at 10 MeV, a purely non-thermal emission will be expected.
3. Introduction of the model
The dynamics in a star-forming region can be very complicated a fortiori in the
Cygnus X complex. It is, therefore, necessary to work by simplifying assump-
tions, which are reasonable and favorable to the relevant conditions.
The ability to describe particle transport phenomena is indispensable for pre-
dicting processes in star-forming regions. The massive molecular clouds in
Cygnus X demand a reliable transport mechanism. Beyond the common contin-
uous momentum losses, the catastrophic losses due to advection and diffusion
of particles will also be considered.
Considering the generic state transport equation, the transport equation for a
plasma with a differential particle density n yields:
∂n(x,v, t)
∂t︸ ︷︷ ︸
Storage
−∇v(F (v)n(x,v, t)))︸ ︷︷ ︸
Continuous Loss
+∇(vn(x,v, t))︸ ︷︷ ︸
Advection
+∇(D∇n(x,v, t))︸ ︷︷ ︸
Diffusion
= q(x,v, t)︸ ︷︷ ︸
Generation
.
(1)
Here, v is the advection velocity, in consideration it represents the galactic wind
velocity. The diffusion tensor is approximated by the scalar D.
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The first term describes the storage; the second term in eq.(1) the continuous
losses in momentum; the third, the catastrophic losses due to advection in mag-
netic fields; the fourth, the catastrophic diffusion losses; and the last term, the
source rate which obeys a power-law.
This work is developed to describe an emission from an isotropic and spatially
homogeneous part of the Cygnus region in its steady state. Additionally, it as-
sumes an isotropic diffusion of the particles within Cygnus X. This assumption
is reasonable since an extended region with a diameter of 77 pc will be consid-
ered, emission outside this region is negligible, the region is very complex and
small inhomogeneities vanishes at larger scales3
In our model, we follow a general leaky box approach in which the cosmic-ray
density does not depend on spatial coordinates and is characterized by some
average values [3]. This general scheme is well-established with previous analyt-
ical solutions for different scenarios given in [19] and references therein. Here,
we particularly follow the model of [22], who meets the requirements we apply
to our source region, i.e. a homogeneous steady-state CR sea with a power-law-
injection, continuous momentum as well as diffusion and advection loss.
With these assumptions, from eq.(1) the following equation is obtained ([19, 22])
as the steady state transport equation:
0 =
∂
∂γ
(Γe,pne,p(γ))︸ ︷︷ ︸
Continuous
momentum loss
− ne,p(γ)
τe,pdiff (γ)︸ ︷︷ ︸
Diffusion
Loss
− ne,p(γ)
τe,padv(γ)︸ ︷︷ ︸
Advection
Loss
+ qe,p(γ)︸ ︷︷ ︸
CR source
rate
. (2)
Here, γ represents the Lorentz factor, Γ is the term which includes the continu-
ous loss and τadv the advection loss timescale. Using the assumption mentioned
above for catastrophic losses the diffusion coefficient for electrons or protons can
be approximated by:
De,p(γ) ' c λe,p γ
β
3
. (3)
3Small inhomogeneities vanish especially at larger scales than the gyro-radius.
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The diffusion timescale τe,pdiff can then be approximated ([22]) by:
τe,pdiff (γ) '
R2
3D(γ)
' R
2
c λe,p
γ−β . (4)
Here, λe,p γ
β denotes the related diffusion length or the mean free path, β the
related spectral index of the diffusion coefficient, R the radius of the considered
region and c the speed of light. The diffusion in the astrophysical context does
not describe deflection by collision but interaction with local magnetic fields. As
more deflections and interaction force the particles to be spread in the region,
the diffusion timescale equals the particle escape timescale and is a quantity for
particle conservation.
Observation of C/O nuclei spectra shows that the scalar diffusion coefficient
index (see eq.(3)) in the Galaxy is given by β ≈ 0.5 ([23]). Though, to accord
with the observation data, this work uses a Kolmogorov-spectrum referring to
β = 1/3.
The rigidity difference between electrons and protons will consistently be taken
into account. This has an effect on the maximum energy and ratio of momentum
loss through various phenomena. In this manner, electrons can reach higher
energies faster than protons because of their mass difference. Since particles
at higher energies are more conducive to continuous momentum loss, it follows
that the latter is more prevalent among electrons. The loss mechanisms are not
the same for electrons and protons due to their characteristics as leptons and
baryons.
For protons in Cygnus X, the diffusion length factor is supposed to be λp =
2.5 × 1017 cm. Due to the mass dependence of the Larmor radius the electron
mean free path can be calculated as follows:
λe =
(
mp
me
)−β
λp . (5)
The influence of the spectral index β on the diffusion timescale can be seen in
figure 11 and 10. This index describes the energy dependence of the diffusion
coefficient.
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Figure 10: Electron diffusion timescale τediff (γ, β) as a function of the related spectral index
β and Lorentz factor γ.
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Figure 11: Proton diffusion timescale τpdiff (γ, β) as a function of the related spectral index β
and the Lorentz factor γ.
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The timescale becomes smaller at higher energies, and the β reinforces this
behavior with larger value. However, the influence of diffusion for electrons
and protons in Cygnus X can be seen by considering the blue dashed line in
figures 10 and 11. Since the advection timescale is constant, the influence of the
diffusion length factor λ on the diffusion timescale in Cygnus X can also be seen
in figure 12. The galactic wind speed can be used to determine the advection
timescale according to
τeadv = τ
p
adv = τadv '
R
vwind
. (6)
For Cygnus X the advection velocity is assumed to be vadv ' 50 km/s as we
now it from the Galactic Disk [24], which is comparable to the Alfvn speed of
the CRs. Using the relation in eq.(4) and eq.(6) the diffusion and advection loss
for Cygnus X can be compared by considering the ratio of both timescales.
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Figure 12: The ratio of diffusion and advection timescale as a function of the diffusion length
coefficient λ and Lorentz factor γ. Additionally, the dashed line for the proton (red) and
electron (blue) diffusion length exhibits the ratio in Cygnus X.
Figure 12 shows the ratio as a function of the diffusion length coefficient λ and
the Lorentz factor. The ratio for relativistic electrons and protons in Cygnus X
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can be found by considering the advection timescale τadv = 4.752× 1013 s and
the diffusion timescale τediff = 6.67× 1013× γ−β s and τpdiff = 3.26× 109× γ−β
s. Concerning catastrophic losses, relativistic particles in Cygnus X are more
subject to diffusion loss than to advection loss, as the diffusion timescale is much
shorter.
The timescale for continuous loss be approximated by
τe,pcon =
γ
Γe,p
. (7)
In the same manner, the timescale dependency for electron and proton contin-
uous loss can be calculated when the momentum loss rate Γe,p is known.
3.1. Relation between electrons and protons
If a steady state is considered and a homogeneous distribution of CRs without
charge imbalances is assumed, the total amount of injected electrons and protons
will be the same. Here, we suppose the total acceleration time Ta for electrons
and protons is the same. The total number of accelerated protons or electrons
can then be described by:
N0 =
∫ Ta
0
dt
∫ ∞
γi0
dγ qi(γ) = Ta
∫ ∞
γi0
dγ qi(γ) (8)
for i = e1, p, where γ
i
0 represents the minimum Lorentz factor and e1 the pri-
mary electrons. Here, it is necessary to distinguish between primary and sec-
ondary electrons, as electrons resulting from injection and hadronic interaction
are present.
Primary electrons e1 denote electrons which received their energy from an ac-
celerator and in the present model obey a power-law, i.e. electrons from the
injection.
In contrast, secondary electrons e2 denote electrons from the decay of muons
from hadronic pion production. If an effective particle acceleration from shock
waves with the velocity vs is assumed, the particles can be accelerated when
their kinetic energy is at least Emin,kin = 4 (
mp vs
2 ) which equals 10 keV consid-
ering a velocity of vs = 700 km/s ([25]). Given this energy gain, the minimum
16
Lorentz factor becomes:
γi0 = 1 +
10 keV
mic2
. (9)
By assuming a power-law spectrum for the injected relativistic particles the
related source rate can be expressed by:
qi(γ) = q
i
0 γ(γ − 1)−
α+1
2 .
Considering that the particle energy has an upper limit the source rate becomes:
qi(γ) = q
i
0 γ(γ − 1)−
α+1
2 H[γmax − γ]H[γ − γmin], (10)
where qi0 denotes the source rate normalization factor and α the energy spectral
index4.
Since in Cygnus X many accelerators reside which may complement each other,
it is of use to relate the maximal Lorentz factor to the magnetic field and adapt
it to the observed spectrum. Hence, γpmax = 10
13×(BG ) and γemax = (mpme )×γpmax
is obtained.
With eq.(8) and eq.(10), a relation between the electron and proton source rate
due to the normalization factor can simply be established.
η(α) =
qe0
qp0
=
(
(γpmax)
2 − 1) 1+α2 − ((γp0 )2 − 1) 1+α2
((γemax)
2 − 1) 1+α2 − ((γe0)2 − 1)
1+α
2
, (11)
which leads for very high energies and an unbroken power-law to a constant
ratio of
qe0
qp0
' (mp
me
)
α−1
2 . (12)
As a function of the Lorentz factor the electron-proton source rate ratio would
lead to
qp(γ)
qe(γ)
' (mp
me
)
α+1
2 (13)
4Notice that the source rate normalization factor in the momentum space as in the work
of [26], differs by a factor of m−1i .
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or in the space of the momentum qi(γ)→ qi(p) which due to the fact pi = γ mi,
leads to ([19, 26])
qp(p)
qe(p)
' (mp
me
)
α−1
2 , (14)
where p denotes the momentum.
The ratio of the electron and proton source rates as a function of the spectral
index and Lorentz factor γ is shown in figure 13. Here, qe(γ) denotes only the
primary electron source rate.
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Figure 13: The ratio of primary electrons and protons as a function of the spectral index α
and Lorentz factor γ, whereby the dashed line represents the relation in Cygnus X.
As it will be shown later, the total number of electrons in Cygnus X is composed
predominantly of primary electrons. Since this is the case, figure 13 also exhibits
the ratio of the source rate of all electrons and protons. The quotient of the
normalization factor in Cygnus X leads to the consequence qp(γ) = 172 · qe(γ),
i.e. the total injection rate of protons is 172 times greater than the injection
rate of electrons.
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4. Solution of the transport equation
The specification of the general solution of electrons or protons relies on the ad-
justment of the loss processes. The catastrophic losses are already specified and
distinguished between electrons and protons. The remaining loss mechanism
is the continuous loss, which likewise makes a distinction between protons and
electrons since they are based on different interactions and the particles have
different rigidities.
4.1. Solution for electrons
Electrons are subject to many losses, which are individually distinctive in differ-
ent energy ranges. All of the following loss processes will be considered ([22]):
• Λeion(Nt) ' 7.2 · 10−13
(
Nt
cm−3
)
s−1 , (15)
• Λsyn(B) ' 1.3 · 10−9
(
B
Gauss
)2
s−1 , (16)
• ΛBr(Nt) ' 10−15
(
Nt
cm−3
)
s−1 , (17)
• ΛIC(UIR) ' 5.2 · 10−29
(
UIR
erg cm−3
) (
R3
cm
)
s−1 . (18)
Here, ion denotes the ionization loss, syn synchrotron loss, Br non-thermal
Bremsstrahlung and IC Inverse Compton loss. In this context Nt represents
the constant target density in the plasma, B the predominant magnetic field,
R the radius and UIR the infrared energy density. Hence, the total continuous
loss for electrons yields:
Γe ' (ΛIC(UIR) + Λsyn(B)) γ2 + ΛBr(Nt) γ + Λeion(Nt) . (19)
The associated progression can be found in section 7. Using the variation of
constant and skilled integration, we obtain the following expression for the dif-
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ferential CR particle density ([22]):
ne(γ) =
Λeion exp
(
χe(γ) + T
e
diff (γ)
)
(ΛIC + Λsyn)γ2 + ΛBrγ + Λeion
·
∫ γemax
γl
dγ′
qe0 γ
′(γ′ − 1)α−12
(ΛIC + Λsyn)γ′2 + ΛBrγ′ + Λeion
· exp (−(χe(γ′) + T ediff (γ′)) ,
(20)
χe(γ) =
∫
dγ
Γe τadv
=
2√
4ac− b2 arctan
(
b+ 2aγ√
4ac− b2
)
(21)
and
T ediff =
c λe
R2
∫
dγ
γβ
aγ2 + bγ + c
=
c λe
R2
· a
2βθ
· [(2aγ + b− θ)β · F1(−β,−β; 1− β; b− θ
2aγ + b− θ
)
− (2aγ + b+ θ)β · F1
(
−β,−β; 1− β; b+ θ
2aγ + b+ θ
)]
.
(22)
Here, the function F1 represents the hyper-geometric function with
F1(−β,−β, 1− β, z) =
∞∑
k=0
zk
k!
∞∏
k=0
(−1)(β + k)2
β − 1 + k (23)
For the lower integration limit, two cases must be considered
γl =
 γ , for γ
e
min < γ < γ
e
max ,
γemin , for γ < γ
e
min .
(24)
In the following the minimum Lorentz factor is supposed to be γmin = 1 and
the maximal Lorentz factor the same as supposed in Section 3.1 above.
4.2. Solution for protons
In contrast to electrons, protons are also subject to strong interaction. Hence,
after an inelastic collision, they can produce a meson by generating a quark
anti-quark or change the flavor due to the weak interaction. So, protons are
influenced by different losses than electrons, which are also individually distinc-
tive in various energy ranges.
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In this vein, the ionization loss for the protons as well as the hadronic pion
production will be considered (e.g. [27]):
Γp,pi ' 4.4 · 10−16 ·
(
Nt
cm−3
)
γ1.28(γ + 187.6)−0.2 s−1
= Λp,pi(Nt) · γ1.28(γ + 187.6)−0.2 .
(25)
The proton ionization loss is given by (e.g. [22]):
Λpion(Nt) ' 1.9 · 10−16 ·
(
Nt
cm−3
)
s−1 . (26)
Hence, the total loss rate is obtained as the sum of the two:
Γp ' Λp,pi · γ1.28(γ + 187.6)−0.2 + Λpion. (27)
The associated progression can be found in section 7. Considering the same
procedure as for electrons the differential CR particle density yields ([22]):
np(γ) =
exp
(
T pdiff (γ) + χp(γ)
)
Λp,pi · γ1.28(γ + 187.6)−0.2 + Λio
·
∫ γpmax
γl
dγ′qp0 γ
′(γ′ − 1)α−12
· exp
(
−T pdiff (γ)− χp(γ)
)
.
(28)
χp(γ) =
∫
dγ
|Γ|p τadv
' 1
Λp,piτadv
3.571(γ + 187.6)−0.2
(0.00533γ + 1)0.2γ0.28
· F1 (−0.28, −0.2; 0.72; −0.00533 γ)
(29)
and
T pdiff '
cλp
R2 Λp,pi
(γ + 187.6)−0.2γβ−0.28
(β − 0.28)(0.00533γ + 1)0.2
· F1 (−0.2, β − 0.28; 1 + (β − 0.28); 0.00533γ) .
(30)
The lower integration limit will be considered in the same way as before.
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5. Radiation processes
To understand the radiation from the Cygnus region, it is essential to derive
the theoretical expressions for the most critical processes in the astrophysical
context. In the following, an expression for the theoretical flux of each is given.
The theoretical differential flux Φ(γ) can be described as a function of the
emissivity and source function ε(γ), respectively, by ([28]) :
Φi(Ej) =
V
4pi d2
εi(Ej) . (31)
Here, i = IC, Br, pi0 represents an individual process equal Inverse Compton,
non-thermal Bremsstrahlung or hadronic pi0 decay and j = γ, ν, e+, e− the ra-
diation type. The factor (4pi d2)−1 is a correction for a fraction of the emission,
which reaches the observer. The total γ-ray differential flux is obtained by
summation over all present processes.
Φγ(Eγ) =
V
4pid2
(εIC(Eγ) + εBr(Eγ) + εpi0(Eγ)) . (32)
In addition, the integral flux is given by:
φi(E) =
∫ ∞
E
dE′Φi(γ′) . (33)
The source function in cm−3s−1 eV−1 must be found individually for each pro-
cess. It has the following proportionality:
εp1, p2 ∝ c
∫ ∞
γmin
dγ np1(γ) np2(γ)
dσp1, p2
dγ
. (34)
It mainly depends on the differential density ni(γ) of the interacting particles
i = p1, p2 and the related differential cross section dσp1, p2/dγ.
5.1. Synchrotron radiation
To use only synchrotron radiation as the vital radio emission process and to
avoid free-free emission and Bremsstrahlung, respectively, only the non-thermal
emission from Cygnus X will be taken into account by considering a radio spec-
trum . 10 GHz ([22]). The emissivity of synchrotron radiation is given by
([22, 28]):
εsyn(ν) =
1
4pi
∫ γmax
γmin
ne(γ)Psyn(ν, γ) dγ (35)
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with Psyn = P0 ·
(
ν
γ2νs
)1/3
exp(− ν
γ2νs
)
and P0 = 2.65 · 10−10 ·
(
B
1G
)
eV s−1 Hz−1.
(36)
In contrast to electrons, protons do not emit synchrotron radiation at the same
intensity level, because the emitted power of synchrotron radiation E˙syn is pro-
portional to m−4.
E˙esyn
E˙psyn
=
(
mp
me
)4
' 1.13 · 1013 (37)
Since the ratio of the proton-electron mass is
∼ 1836, the proton synchrotron radiation requires inconceivably high energies
and a strong magnetic field ([29]).
5.2. Inverse Compton
In astrophysical context, the Inverse Compton process is based on the interaction
of a relativistic CR electron with an ambient photon. The relativistic electron
transfers a part of its kinetic energy to the target photon, whereby a minimum
energy of
Emin =
Eγ,f
2
[
1 +
(
1 +
m2ec
4
Eγ,iEγ,f
)]
(38)
is necessary. Here, Eγ,i and Eγ,f represent the initial and final photon energy
respective to the scattering ([19]).
Since Cygnus X contains a large amount of dust, the primary photon field
is represented by infrared emission, as the starlight is absorbed and then re-
radiated in the infrared range. Thus, γEγ,i  me c2 is valid, and the Inverse
Compton loss can be considered in the Thomson limit. Only a small fraction
of the injected electrons are within the condition γ > me c
2/Eγ,i, the Klein-
Nishina (KN) regime. The following further considers a maximal Lorentz factor
(see Section 3.1 for more details). Considering a gray body or rather a modified
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blackbody according to ([30]) and an isotropic and uniform spatial distribution,
the differential infrared photon density yields ([22, 30]):
dnIR(E )
dE
=1.125 · 1019 · UIR
E0
(
E
h c
)3
· 1− exp
(
(E/E0)
β
)
exp (E/(kB TD))− 1 .
(39)
Here, TD denotes the dust temperature, UIR the infrared photon energy density,
β = 1.5 the emissivity index ([30]) and E0 = 12.4 · 10−3 eV the energy ([30]),
where the optical depth equals unity. In Cygnus X the dust temperature is
supposed to be approximately 25 K ([31]) and the infrared photon energy density
5 eV/cm3 ([8]). The photon density is then given by
nIR(E) = 1.125 · 1019 UIR
E0(h c)3
·
∫
dE E3
1 − exp (−(E/E0 )β)
exp(E/kB TD)− 1 .
(40)
According to eq.(34) the differential cross section for the Inverse Compton pro-
cess is needed, which is given by the Klein-Nishina formula:
dσ(Eγ,f ,Eγ,i, γ)
γ
=
3
4
σT
Eγ,iγ2
G(q,Γ), with
G(q,Γ) = 2q ln(q) + (1− q)(1 + 2q) + (Γq)
2(1− q)
2(1 + Γq)
q =
Eγ,f
Γ(γme c2 − eγ) Γ =
4γEγ,i
me c2
,
(41)
whereby γ denotes the electron Lorentz factor. According to eq.(34) the emis-
sivity yields
εICe, γ(Eγ) =
3
4
c σT nIR
∫ ∞
Emin
mec2
dγ
γ2
ne(γ)G(q,Γ) . (42)
5.3. Non-thermal Bremsstrahlung
In an astrophysical context, Bremsstrahlung is produced in a hot and predomi-
nantly ionized plasma, where the particles are free before and after the deflec-
tion. Bremsstrahlung is an important process in Cygnus X, since it contains HII
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regions, ionized gas clouds around hot and young stars ([17, 2]).
The general emissivity produced by Bremsstrahlung can be described by ([32]):
εBre, γ(Eγ) =
∫ ∞
γ
dγ Nt c
σBr
Eγ
ne(γ) =
Nt c σBr
Eγ
∫ ∞
Eγ/me
dγ ne(γ) . (43)
Here, σBr = 3.38 · 10−26 cm2 denotes the Bremsstrahlung cross section and Nt
the proton target density. The flux can be calculated using eq.(31).
5.4. Gamma-rays from hadronic pion production
After the interaction of protons with the ambient medium pions are generated.
Thus, the inelastic proton-proton cross section σpp,inel must be considered by
equation(44) ([9]). In succession, the pi0 decays and generates two γ-rays. This
process is thought to cause most of the γ-rays in star forming regions ([22]).
Additionally, the energy spectrum Fγ(x,Ep) of secondary particles (here γ-
rays), which are produced in one interaction with a proton of the energy Ep,
must also be considered. This includes the intermediate production and decay
of pi0, whereby xγ = Eγ/Epi is the ratio of the energy of the incident proton to
the produced pi0. In this regard Fγ(xγ , Ep) · dEγ/Ep is the number of γ-rays
from a single proton-proton interaction in the interval [Epi, Epi + dEpi] ([9]).
σpp,inel(Ep) =
(34.3 + 1.88L+ 0.25L
2)
[
1− (E′Ep )4
]
mb, for E′ ≤ Ep ≤ 0.1 TeV
(34.3 + 1.88L+ 0.25L2) mb, for Ep > 0.1 TeV
with E′ =
(
mp + 2mpi +m
2
pi/2mp
)
c2 and L = ln(Ep/1 TeV) .
(44)
Using this relation, the total emissivity is obtained by:
εhadp,pi0,γ(Eγ) = cNt
∫ ∞
Eγ
dEp
Ep
σpp,inel(Ep) · np(Ep)Fγ(xγ , Ep) . (45)
5.5. Neutrinos
In the astrophysical context, neutrinos can be produced from hadronic charged
pion production and after that from leptonic muon decay.
In the same manner, as the emissivity was determined for γ-rays from the
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hadronic pion decay by considering its energy spectrum, the energy spectra can
be replaced for another particle i, i.e. Fγ(Eγ/Epi0 , Ep) 7−→ Fi(Ei/Epi± , Ep) =
Fi(xi, E, p) for i = νe, νµ, e.
Since Fi(xi, Ep)dEpi/Ep denotes the number of the particle i for a single proton-
proton interaction in the interval [Epi, Epi + dEpi], the following approximation
is valid: Fe(xe, Ep) ' Fνe(xνe , Ep). The deviation is less than 5% ([9]) when
using this approximation. If the muon neutrino from the process
pi± −→ µ± + νµ/ν¯µ (46)
is denoted as νµ1 and the muon from the process
µ± −→ e± + νe/ν¯e + ν¯µ/νµ (47)
as νµ2, the following can be approximated:
Fe(xe, Ep) ' Fνµ2(xνµ2 , Ep). Hence, the emissivities can be described by:
εp,pi,νµ2(Eνµ2) = cNt ·
∫ ∞
Eνµ2
dEp
Ep
σpp,inel(Ep)np(Ep)Fe(xνµ2 , Ep), (48)
εp,pi,νe(Eνe) = cNt ·
∫ ∞
Eνe
dEp
Ep
σpp,inel(Ep)np(Ep)Fe(xνe , Ep) (49)
and
εp,pi,νµ1(Eνµ1) = cNt ·
∫ ∞
Eνµ1
dEp
Ep
σpp,inel(Ep)np(Ep)Fνµ1(xνµ1 , Ep) . (50)
The total neutrino emissivity is the sum of the contributions:
εp,pi,ν(Eν) = cNt
∫ ∞
Eν
dEp
Ep
σpp,inel(Ep)np(Ep) ·
(
Fνµ(xν , Ep) + 2Fe(xν , Ep)
)
,
(51)
where we used the differential particle density of relativistic protons from Sec-
tion 3.
Hereby, the ratio of the appearance of different type of neutrino at the source
is (1:2:0) for
(νe : νµ : ντ ). Due to the neutrino oscillation at the large distance the ratio
changes to 1:1:1 (e.g. [4]), whereby this condition is fulfilled for Cygnus X.
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Secondary electrons
Analogously to the case of the neutrino, the emissivity for secondary electrons
which are generated from hadronic pion production is calculated with
εp,pi,e(Ee) = cNt
∫ ∞
Ee
dEp
Ep
· σpp,inel(Ep)np(Ep)Fe(xe, Ep) . (52)
6. Primary and secondary electrons in Cygnus X
Because secondary electrons result from proton interaction or rather a hadronic
pion production, they depend on the proton density and on its cross section to
produce charged pions. Therefore, it also depends on the Lorentz factor and
the target density. Since γimax in our model is related to the magnetic field
strength and the primary electron source rate includes the spectral index, the
dependence will be plotted to present the ratio of primary to secondary electron
source rate as a function of the target density Nt, magnetic field strength B and
the spectral index α. The associated figures can be seen in figures 14-16.
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Figure 14: The ratio of primary and secondary electrons qe1(γ,Nt)/qe2(γ,Nt) as a function
of the target density Nt and the Lorentz factor γ for B = 8.9× 10−6 G and α = 2.37.
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Figure 15: The Ratio of primary and secondary electrons qe1(γ, α)/qe2(γ, α) as function of
the spectral index α and the Lorentz factor γ for Nt = 19.4 cm−3 and B = 8.9× 10−6 G.
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Figure 16: The ratio of primary and secondary electrons qe1(γ,B)/qe2(γ,B) as a function of
the magnetic field B and the Lorentz factor γ for Nt = 19.4 cm−3, α = 2.37.
Here, qe1(γ) denotes the primary and qe2(γ) the secondary electron source rate
function with qe2(γ) = εp,pi,e(Ee) · mec2. The ratio of primary to secondary
electrons as a function of the Lorentz factor for certain parameters which in this
work seems to describe Cygnus X, is represented by the dashed red line.
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The figures 14 - 16 clarify that the amount of secondary electrons increases with
greater γ relative to the primary electrons. Additionally, the rise for Cygnus X
seems to be quite uniform. In any event, in Cygnus X the primary electrons
always dominate.
7. Continuous and catastrophic losses
Whether the continuous or catastrophic momentum loss adopts the main loss
mechanism in Cygnus X or whether both are equally significant can be deter-
mined by regarding the related timescale. The total continuous loss timescale
is given by:
Σecon ≡
1
τecon
=
Γe
γ
=
Λeion(Nt)
γ
+ ΛIC(UIR) γ
+ Λsyn(B) γ + ΛBr(Nt)
=
1
τeion
+
1
τIC
+
1
τsyn
+
1
τBr
(53)
Σpcon ≡
1
τpcon
=
Γp
γ
=
Λpion(Nt)
γ
+ Λp,pi(Nt)
· γ0.28(γ + 187.6)−0.2 = 1
τpion
+
1
τp,pi
.
(54)
In figures 18 and 17 the continuous timescales are represented by solid lines and
catastrophic timescales by dashed lines. Here, τfs = R/c denotes the timescale
of a free streaming particle with the velocity of light c which is needed to pass
through the considered region of Cygnus X within 77 pc.
As the diffusion timescale represents a quantity for the entrapment of the par-
ticle particles in Cygnus X, it must be smaller than τfs because the particle
cannot move faster than the speed of light. If τdiff ≈ τfs then the diffusion is
negligible as in this case the particles will move undisturbed.
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Figure 17: Continuous timescales (solid lines) and catastrophic timescales (dashed lines) for
electrons as a function of the Lorentz factor γ with B = 8.9× 10−6 G, Nt = 19.4 cm−3 and
UIR =5 eV/cm
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Figure 18: Continuous timescales (solid lines) and catastrophic timescales (dashed lines) for
protons as a function of the Lorentz factor γ with Nt = 19.4 cm−3.
For most of the time, the diffusion timescale has the smallest value. In partic-
ular, the Inverse Compton and synchrotron timescales are most important at
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higher energies. They decrease with a similar slope which is according to the
amount the strongest. The timescales of Bremsstrahlung and advection do not
differ significantly from each other and are constant.
The importance of diffusion is recognizable for protons as it is always the dom-
inant process. In contrast, ionization loss is even at the lowest energies almost
negligible. Moreover, hadronic pion production is the second most important
loss mechanism at higher energies and advection is relevant for γ < 104.
Thus in total, the diffusion loss timescale for catastrophic losses is smaller than
that for advection for all energy ranges. Additionally, the Inverse Compton loss
becomes the main loss mechanism for electrons at very high energies.
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Figure 19: The ratio of Σecon and 1/τ
e
diff for electrons as a function of the magnetic field
strength B and the Lorentz factor γ with Nt = 19.4; the dashed line shows the dependency
in Cygnus X.
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Figure 20: The ratio of Σecon and 1/τ
e
diff for electrons as a function of the target density Nt
and the Lorentz factor γ with B = 8.9 × 10−6 G; the dashed line shows the dependency in
Cygnus X.
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Figure 21: The ratio of Σpcon and 1/τ
p
diff for protons as a function of the target density Nt
and the Lorentz factor γ; the dashed line shows the dependency in Cygnus X.
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It is meaningful to investigate when the continuous loss can exceed the diffu-
sion loss. Therefore the dependency of Σicon/(1/τ
i
diff ) for i = e, p on the target
density and magnetic field is shown in figures 19-21.
In all variations that are meaningful for Cygnus X, which can be seen in figure
25, the diffusion loss almost always exceeds other losses. In conclusion, it is
crucial to consider the diffusion.
Retrospectively, this conclusion could give us some hints about the relation of
the young supernova remnant γ-Cygni and the Cygnus Cocoon if we assume
the same parameters for the Cocoon as for the whole Cygnus X. It must be
mentioned that γ-Cygni may have delivered protons and electrons at TeV range
approximately five kyrs ago ([10]). So, our steady-state model is not appro-
priate enough for the Cygnus Cocoon but the whole Cygnus for the reason as
mentioned above. However, assuming the same parameters for the Cygnus Co-
coon as for the whole Cygnus X, we can give hints about the relation between
γ-Cygni and Cygnus Cocoon.
According to [10], the condition for γ-Cygni to maintain as the only accelera-
tor for the Cygnus Cocoon is that the dominant particle transport mechanism
should be diffusion and the diffusion coefficient largely be similar to the co-
efficient in our Galaxy. In that case, the particles released by γ-Cygni could
maintain CRs from the whole Cocoon. The diffusion-dominated scenario leads
to an isotropic particle release from the young remnant. It is important to an-
swer the question whether the particles from γ-Cygni could maintain the CRs in
the Cygnus Cocoon due to diffusion transport mechanism. It can be answered
by considering the mean free path and the average distance dγ,Cyg of γ-Cygni
to the Cygnus Cocoon, which is pictured in figure 22.
Here, the solid blue line represents the mean free paths in Cygnus X, the red
line the one in the Galaxy ([33]) and the dashed black line shows the distance
of γ Cygni from the Cocoon. Nearly all CRs from γ Cygni in direction to the
Cocoon could reach the Cocoon if the mean free path is similar or larger than
the mean free path of the Galaxy according to ([10]) or at least longer than the
distance of these objects to each other.
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However, the mean free path is for electrons always smaller than the distance
and than the value in the Galaxy. At energies & 105 GeV, protons from γ-Cygni
may be reasonable for the freshly accelerated CRs from the Cygnus Cocoon since
the mean free path becomes larger than the distance between them. For lower
energies indeed γ Cygni is not favored to be the only injector of CRs.
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Figure 22: Mean free paths in Cygnus X and the Galaxy for electrons and protons as a function
of the Lorentz factor.
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7.1. Parameters for Cygnus X
Data from different observatories can be used to restrict the magnitude of the
parameters on the one hand, and the number of free parameters on the other
hand. In the following γ-ray data from Fermi, Argo and Milagro will be used.
Additionally, the non-thermal radio data from the work of [18] and [34] will
be considered. When doing so, for example fitting methods can be used to
find the normalization factor qe,p0 of the source rate function. The non-thermal
radio data will be used to determine qe0 and γ-ray data to find q
p
0 . Additionally,
by considering emission in the energy range, which requires only electrons, the
amount of injected electrons can be determined and thus the appearance of a
leptonic process. Especially, the contribution of non-thermal Bremsstrahlung
can be estimated. This correlation will be discussed in the results in chapter 9.
In order to constrain the appearance of leptonic processes, the differential fluxes
for non-thermal radio emission and γ-rays from Cygnus X will be presented
followed by the correlation between them. In the following, a magnetic field
strength of B=1 µG ([6]) and a target density of Nt=70 cm
−3 ([11]) will be
used. Using the brightness temperature spectral index of non-thermal data a
spectral index of α=2.6 ([34, 18]). The Cygnus X region can be summarized by
the following parameters:
Parameters Cygnus X
Electron diffusion length [cm] le = 2× 1016
Proton diffusion length [cm] lp = le(
mp
me
)β
Diffusion index β = 1/3
Infrared photon density [eV/cm3] UIR = 5
Advection velocity [km/s] vadv = 50
Dust temperature [K] Tdust = 25
Distance to Cygnus X [kpc] d = 1.4
Radius of Cygnus X [pc] R = 77
Radius of Cygnus X [deg] ΘCygX = 3.15
Table 1: Input parameters for the Cygnus X region.
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8. Results with parameters from previous calculations (PC)
In the following, the non-thermal radio and γ-ray spectra will be presented by
considering parameters from PCs (see figure 23 and 24). The consideration of
the γ-ray spectrum is paramount as all relevant subatomic processes occur in it
and the radio data assist in constraining the leptonic processes as it is based on
one.
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Figure 23: γ-ray energy spectrum with and without consideration of diffusion loss; the
source rate normalization factor q0 was fitted on the observed γ-ray data. Additionally, the
parameters PCs have been used.
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Figure 24: Synchrotron differential flux spectrum as a function of the frequency with and
without consideration of diffusion loss; the source rate normalization factor q0 was fitted on
the observed gamma data. Here, the parameters from PCs have been.
Here, ”IC” denotes the contribution of the Inverse Compton process to the total
differential γ-ray flux. In the same way ”BR” denotes Bremsstrahlung and
”HADRONIC” the hadronic pion production. The solid line represents the
progression of the total differential γ-ray flux of this work. Besides, the results
are presented without diffusion which is denoted as ”WO-D”, and with diffusion
loss as diffusion is the main loss mechanism. The diffuse fluxes observed by Fermi
LAT (green cross), ARGO-YBJ (red triangle) and Milagro (turquoise circle) are
pictured. The Fermi γ-ray data points are taken from [11] and adapted for our
region of interest. The same procedure is done for ARGO-YBJ from [35] and
Milagro from [36]. From these diffuse fluxes the extragalactic point sources
(AGNs) J2000.1+4212 and J2018.5+3851 are subtracted. It is not necessary
to subtract galactic point sources as our model considers them by fitting the
source rate normalization factor q0 on the observed γ-ray flux.
Additionally, the flux from Cygnus X-1 measured by Comptel can be seen (blue
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circle).
Cygnus X-1 is a very well studied black hole and a front runner microquasar
candidate in the Galaxy. It contains a dominant power-law component at 10
MeV. Consequently, it can be assumed that the flux from the whole Cygnus X
region should be equal or higher.
Considering the constituents of the total flux, the progression at 10 MeV is of
particular importance, since the total differential flux at 10 MeV is distinctly
dominated by Bremsstrahlung which is caused by the leptonic process. The
agreement with this data point and the consideration of the non-thermal radio
data can point towards the real relevance of the diffusion loss mechanism. This is
plausible as at the relatively low energy 10 MeV the entrapment of the electrons
due to diffusion is more efficient than for higher energies (see figure 18) so that
more Bremsstrahlung can be produced. Moreover, the real parameters such as
the magnetic field and target density and the previous assumption regarding
the diffusion of the particles can be investigated.
Comparing these results, there is no agreement between non-thermal radio andγ-
ray data (see figure 23 and 24). The used parameters have been investigated
with PCs which do not consider diffusion loss as this work does. The value
of the magnetic field e.g. is averaged over the whole Galaxy and is therefore
not accurate enough for our calculations. As the structure of Cygnus X is very
complicated, and it has many constituents the target density also might be not
accurate enough for our model. Moreover, for Cygnus X the non-thermal radio
and γ-ray have not been correlated before. In this work, the assumed parameters
do not lead to an agreement between data from these radiations.
8.1. Best-fit procedure
Since the parameters used in the previous results do not seem to describe the
Cygnus X sufficiently well, they must be changed. On this basis, the total
deviation in square χ2 of each data point to the theoretical flux is defined by
the reduced χ2:
χ2 = (χ2γ + χ
2
syn) , (55)
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χγ denotes the deviation of the theoretical γ-ray flux from the γ-ray data over
the degree of freedom. In the same regard, χsyn describes the deviation of the
theoretical synchrotron flux from the non-thermal radio data over the associated
degree of freedom. They can be calculated with eq.(56) and eq.(57). The degree
of freedom F estimates the population standard deviation calculated from a
sample. The degree of freedom is given by F = n − 1, where n is the size of
the sample. In this work two samples have been used: Non-thermal radio and
γ-ray data.
χ2γ =
[
Φγ,obs(Eγ)− (Φγ,IC(Eγ) + Φγ,Br(Eγ)
+Φγ,had(Eγ))
]2
/∆Φγ,obs(Eγ)
2 · 1
F − 1
(56)
χ2syn =
(
Φsyn,obs(ν)− Φsyn(ν)
∆Φsyn,obs(ν)
)2
· 1
F − 1 , (57)
Here, ∆Φγ,obs(Eγ) and ∆Φsyn,obs(ν) denote the uncertainties which result from
the measurements.
As discussed above it is a reasonable step to set the magnetic field and the
target density as free parameter as the correlation of radio and gamma data
proved problematic and the relation was strongly affected by these parameters.
The variation of B and Nt can also change the spectral index α. Furthermore,
the diffusion of the particles causes a steepening of the spectrum and increases
the flux produced by leptonic processes which are necessary to reach especially
the data point at 10 MeV, as the entrapment of the particle due to diffusion is
at the relatively low energy 10 MeV more efficient. The whole variation range
of the three fitting parameters can be taken from table 2:
Physical parameters Variation range
Magnetic field B [G] [10−7; 10−4]
Target density Nt [cm
−3] [101; 102.7]
Spectral index α [2.0; 3.0]
Table 2: Variation range of magnetic field, target density and spectral index.
The deviation can be illustrated graphically, such that the influence through the
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whole range and the best-fit parameters may be seen easily. Figure 25 shows
χ2 as a function of the target density Nt and the magnetic field B.
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Figure 25: The total deviation χ2 from the γ-ray and non-thermal radio data as a function of
the magnetic field B and target density Nt. The best fit parameters are represented by ”+”.
For each calculation of χ2 a best-adapted spectral index α ∈ [2.0− 3.0] was also used.
The dark red area shows a stronger agreement between theoretical and experi-
mental fluxes than the other colors.
These two parameters, in particular, appear to be markedly different than an-
ticipated. The magnetic field is larger than the previously assumed value by a
factor of nearly one order of magnitude, and the target density is smaller by a
factor of 3.6. Considering figure 25, the magnetic field is not supposed to be
smaller than 3 µG or larger than 100 µG. The target density has an upper limit
of 300 cm−3. The best-fit point is represented by a ”+” sign.
The lowest χ2 provides a magnetic field strength of B = 8.9×10−6 and a target
density of Nt = 19.4 cm
−3.
In order to find a reliable spectral index, the best-adapted spectral index is
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presented as a function of the magnetic field and target density in figure 26.
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Figure 26: The best adapted-spectral index αas a function of the magnetic field B and target
density Nt.
If one considers the range from figure 25, where the smallest χ2 was found, it
may be asserted that α = 2.32 − 2.4 is the best value for Cygnus X. However,
the smaller range of variation and the calculations in this work show that the
best-fit is obtained for α = 2.37.
In addition, the energy loss in erg/s can be investigated by:
E˙ij =
4
3
piR3mic
2
∫ ∞
γi0
dγγ
ni(γ)
τj
, (58)
whereby the index i refers to the quantity of an electron or proton, τ the loss
timescale and j the loss mechanism. Since diffusion is the dominant loss mech-
anism, E˙ediff and E˙
p
diff as a function of the magnetic field and target density
respectively will be presented in figure 27. Here, for each data point, an adapted
spectral index α and the source rate normalization factor qp0 have been used.
The result is a calculation of the energy loss with different spectral indices and
q0, which lead to a smallest total deviation χ
2.
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Figure 27: Electron (upper) and proton (lower) energy loss E˙diff in erg/s caused by diffusion
as a function of the magnetic field B and target density Nt.
In Cygnus X the energy loss yields E˙ediff = 1.08 × 1056 erg/s and E˙pdiff =
3.39× 1059 erg/s. This implies that the proton is more prone to be lost due to
diffusion than electrons. This behavior is comprehensible in view of figure 12
and also eq.(4), which show that λp > λe and thus τ
p
diff < τ
e
diff .
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9. Results with best-fit parameters
The best procedure leads to the following parameters
Parameters Cygnus X
Magnetic field strength [G] B = 8.9× 10−6
Proton target density [cm−3] Nt = 19.4
Spectral index α = 2.37
Proton source rate
normalization factor [cm−3 s−1] qp0 = 9.8× 10−22
Electron source rate
normalization factor cm−3 s−1] qe0 ≈ 172× qp0
Table 3: Best fit parameters for the Cygnus X region.
The new target density provides the depth of Cygnus X in the spiral arm, as
the the column density in Cygnus X is known. Again considering the work of
[11] a column density of CHI = 70 cm
−2 is obtained. Putting the target and
column density in a simple relation, the neutral gas distribution over a depth
of dt is obtained:
dt = CHI/Nt ≈ 3× 1020 cm ≈ 116 pc (59)
Furthermore, the relation between qe(γ) and qp(γ) leads to an injection rate
of protons 172 times greater than that of electrons, i.e. qp(γ) ≈ 172 × qe(γ).
Finally, the γ-ray and non-thermal radio spectrum can be presented in figure
28 and 29, respectively.
The γ-ray spectrum shows that for high energies (> 40 MeV) the dominant
constituent of the total differential γ-ray flux is caused by the hadronic pion
production. The Bremsstrahlung represents the second largest component of
the total flux. This process is also the most significant element of γ-ray flux
at lower energies (< 40 MeV). The Inverse Compton differential flux is for the
most part in the background.
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Figure 28: γ-ray energy spectrum with and without consideration of diffusion loss; the
source rate normalization factor q0 was fitted on the observed γ-ray data. Additionally, the
new and better-adapted parameters from list 3 were used.
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Figure 29: Synchrotron differential flux spectrum as a function of the frequency with and
without consideration of diffusion loss; the source rate normalization factor q0 was fitted on
the observed gamma data. Here, the new and better-adapted parameters from list 3 were
used.
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The new results for γ-rays show an adamant agreement between ARGO-YBJ
and Fermi data. The condition for the flux at 10 MeV is also fulfilled. In
contrast, the Milagro differential flux is less than circa four times greater than
the differential flux calculated in this work. This leads to the suspicion that
Milagro may be overestimating the flux in Cygnus X. Indeed, Daniele Gaggero
et al. 2015 ([37]) have shown for the Galactic diffuse emission that a conven-
tional representative model with the properties found by Fermi data fails to
reproduce the large flux measured by Milagro, meaning the overestimation of
Milagro is still an open issue. As our diffuse flux can not explain the Milagro
flux, a point source, i.e. might me responsible at these high energies. In a recent
paper [8] have evaluated the radiation in the Cygnus region resulting from the
propagation of the average cosmic ray flux in the Galaxy. The result depends
on the spectrum assumed but, in any case, cannot accommodate the observed
photon emission, especially at TeV energy and above as measured by Milagro
and HAWC. The conclusion is that accelerators in the region, most likely in the
Cocoon, must be responsible for the high-energy flux. This is consistent with
our modeling of the Cygnus.
Nevertheless, a natural explanation for the ”Milagro anomaly” in our Galaxy
has been found by considering the radial dependence for diffusion coefficient
spectral index β and the advective wind. However, this fact does not hold great
relevance for the present work, since Cygnus X is small in comparison to the
Galaxy. The prediction that the agreement between theoretically and experi-
mentally determined fluxes deteriorates when examining high-energy particles
may therefore be validated. Also, the new parameter leads to a much stronger
agreement for the non-thermal radio data than before.
In the same way, we identified the theoretical spectra without considering diffu-
sion of the particles. The agreement between non-thermal radio and γ-ray data
is worse than with considering diffusion and the conditions at 10 MeV is not
fulfilled. This also shows us that diffusion is very meaningful for Cygnus X.
Finally, the neutrino differential flux spectrum considering the new parameters
is presented in figure 30. As a comparison, the spectrum considering parameters
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from PCs is pictured in figure 31. The limits in these figures are normalized
with an E−2.6 spectrum of Cygnus X from [38]. The first spectrum predicts a
flux which coincides with the limit of IceCube at very high energies (>50 TeV).
As IceCube has the highest sensitivity at 100 TeV and the spectral index of the
predicted flux and the limit does not differ much from each other, a significance
measurement by IceCube or IceCube-Gen2 may be soon possible.
According to the model without diffusion loss (WO-D) the predicted flux is
above the sensitivity of IceCube. The neutrino differential flux at 100 TeV
when considering diffusion loss is here almost 2.3 times smaller than the model
without diffusion loss.
The second spectrum is worth measurable than the first one. Even the flux
from WO-D which is not realistic, is not measurable. Overall, the γ-ray and
non-thermal radio spectra provides a very strong agreement suggesting that
the used parameters, transport mechanism, and model indeed seem to describe
Cygnus X in an accurate way.
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Figure 30: Differential neutrino flux considering new parameters with and without diffusion
loss as function of the energy in GeV and IceCube upper limit calculated for Cygnus X ([38]).
46
1 0 1 2 3 4 5 6
log10(Eν/GeV)
10-12
10-11
10-10
10-9
10-8
10-7
10-6
E
2
ν
Φ
ν
(E
) 
(G
e
V
 c
m
−2
 s
−1
)
Total neutrino flux, α=2.77
Total neutrino flux WO-D, α=2.6
IceCube upper limit for Cygnus X , α=2.6
Figure 31: Differential neutrino flux considering parameters from PCs with and without
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X ([38]).
10. Conclusion
In this paper, the leptonic and hadronic cosmic ray transport in the Cygnus is
modeled with a leaky box model that takes into account energy loss processes
via radiation and interaction as well as advective and diffusive transport, assum-
ing the homogeneous injection of cosmic rays into Cygnus X. The solution of the
transport equation is based on a semi-analytical approach, while the resulting
radiation processes are fit to the broadband multiwavelength spectrum with a
statistical procedure. Because of the complex structure of Cygnus X and the
miscellaneous processes which take place there, this work distinguishes between
them and considers all relevant scenarios as far as possible, determining the
best-fit scenario to draw conclusions about the possible dominance of a diffuse
cosmic ray sea for the radiation signatures. Moreover, the relation between the
electron and proton source rate is based on the quasi-neutrality of the plasma
and depends primarily on the spectral index α. Therefore, one aim of this work
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is to find a reliable spectral index which considers all relevant transport and
cooling mechanisms, whereby a consistent spectral index of α = 2.37 is found.
If electrons and protons are not injected with the same spectral index, or if they
are injected with different minimal energies, the value for qe/qp may change
significantly. As there is no concrete evidence for differences in the spectrum
the standard number was used.
Concerning the parameters of the interstellar medium, in our model, the radio
flux in contrains a combination of the number of electrons and the magnetic
field. The MeV emission can only be explained by bremsstrahlung losses, fixing
the number of electrons in combination with the target densities. Highe-energy
γ-rays then further constrain the electron and magnetic field strength via the
inverse Compton process, while the proton number in combination with the
target density are relevant for those γ-rays coming from pi0− decays.
At first, γ-ray and synchrotron spectra have been presented with those param-
eters that were used in early fits to the high-energy data. For this case, it could
be shown that either the progression of the predicted γ-ray flux or radio flux do
not satisfy the observed data. In a second step, a best-fit procedure has been
performed to find stable parameters. This fit leads to the following conclusinos:
1. The fit parameters lead to an adamant agreement between predicted fluxes
and the data measured by Fermi, ARGO-YBJ also to the non-thermal
radio data, while the 10 TeV data of Milagro are not well-fit.
2. It can be shown that diffusion dominates the loss processes in Cygnus X
and is important to consider in the transport equation: By considering
the flux of Bremsstrahlung at 10 MeV, which is the dominant radiation
process at this energy, a mean free path of 2 · 1016 · γ1/3 cm is found. The
energy loss due to diffusion is also investigated. The protons in Cygnus X
lose nearly 3.6× 103 more energy due to diffusion than electrons.
If we transfer this information to the Cygnus Cocoon, we can assert that at
energies . 105 GeV the freshly accelerated protons in the Cygnus Cocoon
have unlikely their origin only in γ-Cygni.
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3. The condition for the flux at 10 MeV particularly fixes the contribution
from bremsstrahlung, which is the only process that is able to contribute
in such a high amount at these energies. This in term implies strong
constraints for the main input parameters of the bremsstrahlung process,
i.e. the differential electron number and the target column depth.
4. The Milagro differential flux at ∼ 10 TeV energies is about a factor of
four times higher than the differential flux calculated in this work. These
results show that a diffuse, homogeneous component could be responsi-
ble for the multiwavelength spectrum up to TeV energies, but a further
component is necessary to explain the data at 10 TeV energies. Such an
additional component could be a localized and/or short term accelerator
within the region like γ-Cygni.
5. The new parameters provide a neutrino flux which approaches the sensi-
tivity of IceCube at very high energies (>50 TeV). Considering that the
difference between the spectral index of the flux and limit of IceCube for
Cygnus X is less than 0.05, the coincidence is surely valid at high energies.
In the future, the flux sensitivity of IceCube will be improved, so that the
sensitivity for Cygnus X will suffice to measure the neutrino flux within
the next decade.
Additionally, considering the relation between column and target density,
our results indicate that the depth of the neutral gas dt of Cygnus X should
be close to dt=116 pc.
Overall, despite its complexity, the present work investigates Cygnus X in a
fundamental way, so as to reveal certain information about the transport mech-
anism, injection of cosmic rays and possible sources for acceleration.
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